The repressor element 1 (RE1) silencing transcription factor (REST) helps preserve the identity of nervous tissue by silencing neuronal genes in non-neural tissues. Moreover, in an epithelial model of tumorigenesis, loss of REST function is associated with loss of adhesion, suggesting the aberrant expression of REST-controlled genes encoding this property. To date, no adhesion molecules under REST control have been identified. Here, we used serial analysis of chromatin occupancy to perform genome-wide identification of REST-occupied target sequences (RE1 sites) in a kidney cell line. We discovered novel REST-binding motifs and found that the number of RE1 sites far exceeded previous estimates. A large family of targets encoding adhesion proteins was identified, as were genes encoding signature proteins of neuroendocrine tumors. Unexpectedly, genes considered exclusively non-neuronal also contained an RE1 motif and were expressed in neurons. This supports the model that REST binding is a critical determinant of neuronal phenotype.
Introduction
The repressor element 1 (RE1) silencing transcription factor [REST (also called NRSF)] restricts expression of some genes to neurons by repression through a common genetic element, RE1 (also called NRSE). Within the developing nervous system, REST transiently represses the synaptotagmin 4, brain-derived neurotrophic factor, and calbindin genes in dividing progenitors, and its loss at terminal differentiation allows their expression in mature neurons (Ballas et al., 2005) . In contrast, outside of the nervous system, REST normally mediates long-term silencing of these genes (Lunyak et al., 2002; Roopra et al., 2004; Ballas et al., 2005) . The extent to which these findings apply to other neuronal genes is not known. Progress in addressing this question has been hampered by the lack of a well defined consensus REST DNA sequence motif, which is unusually large, and a reliable methodology for interrogating functional binding in vivo. A recent in silico study of REST-binding sites, however, has estimated that only 11% of neuronal-specific genes contained a REST-binding site, suggesting that the types of genes regulated by REST might represent a relatively small subset of the neuronal gene repertoire (Mortazavi et al., 2006) .
Several human pathologies, including certain epithelial and neuroendocrine cancers, as well as paraneoplastic diseases (Coulson, 2005) , are characterized by aberrant expression of neuronal genes, some of which contain a putative REST-binding or RE1 site (Westbrook et al., 2005) . The mechanism by which these RE1-containing neuronal genes are induced is not known. In general, the contribution of REST repression to expression levels of its target genes has been poorly studied. Ectopic overexpression of REST in the rat neuronal PC12 cell line blocks induction of sodium channel mRNA in response to differentiation by NGF, but basal levels of sodium channel gene expression were only affected mildly (Ballas et al., 2001) . During mouse and chick development, only one or two neuronal genes were derepressed outside of nervous tissues after gene deletion or expression of a dominant-negative form of REST (DN REST) (Chen et al., 1998) . In contrast, expression of a recombinant REST-VP16 fusion protein, which has the repressor domains of REST replaced with the activation domain of the adenovirus activator, VP16, is sufficient to convert a muscle cell line into one that exhibits a morphology characteristic of neurons (Watanabe et al., 2004) . Finally, one neuronal gene is reported as repressed in vivo by REST loss of function, which is more consistent with REST having an activator function (Kallunki et al., 1998) .
Here, we sought to address, in a global and unbiased manner, the constellation of genes regulated by REST in vivo, and the impact of REST loss of function on expression of a subset of these genes by using a method, serial analysis of chromatin occupancy the cassettes, the ligation products were digested with MmeI (New England Biolabs) as follows: the beads were washed twice with 200 l of 1ϫ NEB buffer 4/1ϫ S-adenosyl methionine (SAM; 1 l of 32 nM SAM in 800 l of 1ϫ NEB buffer 4) and then resuspended in 70 l of 10 mM Tris, pH 8. The samples were incubated in 10 l of 1ϫ buffer 4, 10 l of 10ϫ SAM (1 l of 32 mM SAM in 79 l of DEPC water), and 10 l of MmeI for 2.5 h at 37°C. The supernatants were pooled in 100 l of 10 mM Tris, pH 8, extracted with phenol/chloroform, and precipitated with EtOH. Sample was resuspended in 10 mM Tris, pH 8, and concatemerized with T4 DNA ligase for 12 h at 25°C. The sample was subjected to LongSAGE as described by Saha et al. (2002) with a few modifications: concatemers were isolated using the agarose gel method, NEB T4 DNA ligase (2000 U/l), and GlycoBlue (Ambion, Austin, TX) were used instead of T4 DNA ligase and glycogen. Sequencing of the REST-SACO library was performed by the Cold Spring Harbor Laboratory Genome Research Center.
Bioinformatics. The concatemer sequences from the library were extracted from chromatograms using "phred" (Ewing and Green, 1998) . A custom Perl script was used to separate ditags at all CATGs, and the resulting SACO GSTs were mapped to genomic CATG sites using a C program. A set of programs for analyzing SACO data is available at http://genome.bnl.gov/SACO/. Data from the REST SACO library are available at http://genome.bnl.gov/REST/. Additional details on binding site information (generation of search matrices and score cutoffs) are in the supplemental material (available at www.jneurosci.org).
Gel shift assays. Nuclear extracts were prepared from NIH3T3 cells as described by Wadman et al. (1997) , and gel shift reactions were performed essentially as described by Wood et al. (2003) . The nuclear extracts were preincubated on ice, with or without competitor DNA, for 30 min in 19 l of solution containing 20 mM HEPES, pH 7.9, 100 mM KCl, 5 mM MgCl 2 , 8% (v/v) glycerol, and 1 g of salmon sperm DNA. Radioactive probe, 0.8 nM at ϳ20,000 -25,000 cpm, was added to each reaction and incubated at room temperature for 30 min. For supershift experiments, 1 l of REST-N serum (Chong et al., 1995) was added to the reactions and incubated for an additional 30 min at room temperature. The reactions were run on 6% native polyacrylamide/1ϫ TGE (20 mM Tris, 384 mM glycine, and 2 mM EDTA) at 150 V for 90 min at 4°C. For the competition assays, 10 nM, 100 nM, and 1 M nonradioactive probes were used. Radiolabeled DNA probes were end labeled using T4 kinase (New England Biolabs) and [
32 P]dATP. The following oligonucleotides were PAGE purified and annealed in buffer A (100 mM KCl and 30 mM HEPES): expanded RE1, 5Ј-CAGGAACTTCAGCACCC-GCGGGGCGGACAGCGCCTACCGCA-3Ј and 5Ј-TGCGGTAGG-CGTCTGTCCGCCCCGCGGGTGCTGAAGTTCCTG-3Ј; compressed RE1, 5Ј-GGGAGATTTCAGGACGCGGACAGCGCCCTGAATT-3Ј and 5Ј-AATTCAGGGCGCTGTCCGCGTCCTGAAATCTCCC-3Ј.
Adenoviral vectors and transduction. Adenovirus-bearing cDNAs for either DN REST [as described by Chong et al. (1995) ] or green fluorescent protein (GFP) were introduced into MEFs by calcium phosphate precipitation (Fasbender et al., 1998) .
RNA extraction, reverse transcription-PCR, and real-time PCR. Total RNA from primary cortical neurons and MEFs transduced with adenovirus was extracted using the RNeasy kit (Qiagen) and treated with DNase (DNA-free kit; Ambion). Mouse thymus RNA was purchased from Ambion. Reverse transcription was performed using Superscript III and Oligo (dT) 12-18 primers (Invitrogen). Quantitative PCR was performed in an Applied Biosystems (Foster City, CA) PRISM 7900HT Fast Real-Time PCR system with SYBR green PCR master mix. Primers were designed using Primer3 software (Massachusetts Institute of Technology, Cambridge, MA; http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3_www.cgi). For analysis of cDNA levels, primers were designed around exon/intron boundaries and, for ChIP confirmation, primers were designed around each putative REST-binding site. All PCRs were run under the same cycling conditions (95°C/10 min; 95°C/15 s and 57°C/1 min for 40 cycles). The relative abundance of each cDNA for the DN REST experiments was determined by using a standard curve generated from 10-fold serial dilutions of mouse whole-brain cDNA and normalized to Gapdh cDNA levels. To analyze changes in gene expression, the ratio of the means between control and experimental samples from three independent experiments was calculated, and error bars represent the SD of these means. Significance of changes was determined using Student's t test. To compare the relative expression levels of T-cellexpressed genes in thymus and primary cortical neurons, standard curves were first generated from 10-fold serial dilutions of thymus cDNA to ensure that the primers were amplifying efficiently across a broad range of cDNA concentrations. The average cycle threshold (Ct) value for each gene from three independent samples was then compared between thymus and primary cortical neurons. A Ct value of 30 was chosen to represent genes expressed at low levels. For REST ChIP confirmation, the relative occupancy of putative binding sites from two independent immunoprecipitation reactions was determined using a standard curve generated from 10-fold serial dilutions of input DNA, and this value was expressed as a percentage of input DNA. As a negative control for the ChIP experiments, primers were designed around a region of the REST gene that lacked a REST-binding site. All primer sequences are available upon request.
Luciferase assay. The thymidine kinase (TK) promoter from pRL-TK Renilla luciferase expression vector (Promega, Madison, WI) was ligated to the BglII/HindIII sites of pGL3-basic (Promega) to generate pGL3-TK. RE1 sites and their flanking sequences were cloned into pCR4-TOPO using the TA TOPO cloning kit (Invitrogen). The inserts from pCR4-TOPO were excised with SpeI/BglII and cloned into the NheI/BglII sites of pGL3-TK to create the TK-RE1 and TK-expanded RE1 reporter constructs. RE1 sites were deleted or mutated using QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA). All constructs were verified by sequence analysis. For the assay, TCMK1 cells (1 ϫ 10 5 cells per well on 12-well dishes) were transfected with 250 ng of luciferase reporter vector along with 20 ng of pRL-TK and 250 ng of an expression vector for DN REST (Chong et al., 1995) or an empty vector (pcDNA; Invitrogen). Forty-eight hours after transfection, the ratio of firefly versus Renilla luciferase activity was measured using the Dual Luciferase Reporter Assay System (Promega) following the manufacturer's protocol. The mean changes in luciferase activity were measured across three independent samples for reporters cotransfected with DN REST or pcDNA. Error bars represent the SDs of these means, and significance was determined using the Student's t test.
Results
Genome-wide mapping of REST-binding sites by SACO Using a polyclonal antibody (REST-N) that recognizes the N-terminal domain of REST (Chong et al., 1995) , we used SACO to identify REST-binding sites in the TCMK1 mouse kidney cell line. The REST-SACO library contained 41,257 genomic signature tags (GSTs), of which 29,807 were analyzed further (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material) (library information is available at http://genome.bnl.gov/REST/).
To determine whether the genomic locations identified by SACO were associated with a canonical REST-binding site (RE1), we generated a position weight matrix (PWM) based on the sequences of 20 RE1 sites that bound REST in functional assays and four RE1-like sites that did not (Schoenherr et al., 1996) (Fig. 1 A) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). In comparing the genomic locations of the RE1 sites and REST GSTs, we found that 893 RE1 sites were within 3 kb of a GST, the distance representing the upper limit of our ChIP fragment size. As a control, 10 permutations of the RE1 site were generated by randomly scrambling the nucleotide positions constituting the 21 bp sequence. When the genomic locations of these 10 permutations were compared with those of the REST GSTs, no colocalization was observed ( Fig. 1 B) . Furthermore, loci associated with 42,000 randomly chosen GSTs were not enriched for RE1 motifs (data not shown).
REST occupancy at genomic loci identified by SACO
We used ChIP analysis in TCMK1 kidney cells to validate REST occupancy of the identified RE1 sites that colocalized with REST GSTs (Fig. 1C ) (supplemental Table 1 , available at www.jneurosci. org as supplemental material). Thirty-nine RE1 sites were interrogated for REST binding using both the antibody used to con- struct the library (REST-N) and a second antibody that recognized a different portion of REST (REST-C) (Ballas et al., 2005 ). All 39 sites tested showed REST occupancy with both antibodies; no enrichment was seen in the IgG control. As an additional control, we performed PCR using primers that amplified a region within the REST gene that is 5 kb from the closest RE1 site (data not shown). No significant enrichment was seen for this region, indicating that REST bound specifically to the SACO-identified RE1 sites.
A question that arose from our initial analysis of SACO-identified RE1 sites was whether REST occupied a majority or only a subset of RE1 sites in non-neuronal cells.
In an attempt to answer this, we analyzed 15 RE1 sites that were identified by SACO (Fig. 2 , left) (supplemental Table 2 , available at www.jneurosci.org as supplemental material) and 15 non-SACO sites that were chosen randomly from the set of genomic PWM-identified RE1 s (Fig. 2 , right) (supplemental Table 2 , available at www.jneurosci.org as supplemental material). REST occupied both sets of RE1 sites in TCMK1 kidney cells.
The RE1 sites identified by SACO were not restricted to the promoter regions of putative target genes [University of California, Santa Cruz (Santa Cruz, CA) database, http://genome. ucsc.edu, Mm5]. For the target genes Celsr3, Syt7, Neurod1, and Htr6, the RE1 site was located within the promoter region, intron, exon, and downstream of the transcriptional stop site, respectively (Fig. 3A) . This distribution was representative of the 1606 putative REST target genes that were within 50 kb of a SACOidentified RE1 site. Four hundred thirty-four (27%) genes had RE1 sites 10 -50 kb upstream of the 5Ј transcript start site, 131 (8%) were within 10 kb from the transcript start, 310 (19%) were located within an intron, 71 (4%) were within an exon, 154 (10%) were within 10 kb downstream of a transcriptional stop site, and 506 (32%) were 10 -50 kb downstream from the transcriptional stop site (Fig. 3B ).
Characterization of putative REST target genes
To identify potential REST target genes, we further characterized the 893 SACO-identified RE1 sites using information from the University of California, Santa Cruz database (Mm5). For this analysis, we focused on genes within 50 kb of an RE1 site. Examination of these genes showed that they encoded proteins involved in all facets of neural development and function (Fig. 4 A) . Although some of these targets had been identified previously, many were new. Strikingly, REST targets represented several multigene families encoding cadherins, olfactory receptors, synaptotagmins, solute carriers, and voltage-dependent calcium and potassium channels. In addition to coding genes, RE1 sites also colocalized with microRNA transcripts, several of which have not been identified previously (Fig. 4 B) .
Our analysis also identified genes whose function and expression were not restricted to the nervous system (supplemental Fig.  3 , available at www.jneurosci.org as supplemental material), including those encoding proteins involved in immune and inflammatory responses (Fig. 4C, left) . Like neuronal-specific genes, some of these immune targets also represented gene families, such as complement and the tumor necrosis factor superfamily (Tnfsf ). To test whether these T-cell-expressed genes were also expressed in the nervous system, we used real-time reverse transcription (RT)-PCR to measure their relative expression levels in thymus and mature cortical neurons. A Ct value between 30 and 40 was taken to indicate low-to-negligible levels of transcript. Three genes, Thoc5, Pdcd1lg2, and Tbx21, were also expressed in neurons, exhibiting Ct values between 20 and 30 (Fig. 4C, right) , and Thoc5 was expressed at the same level in neurons and thymus. As a control, we examined expression of the neuronalspecific Gad1 gene in both thymus and mature cortical neurons. As predicted, it had a Ct value of ϳ30 in thymus, consistent with an extremely low level of expression in non-neuronal tissues. Thus, our SACO analysis suggests that some REST-modulated genes not previously considered to be neuronal are nonetheless expressed in the nervous system.
Contribution of REST to basal expression levels of target genes
To examine the functional effects of REST binding, we virally transduced primary MEFs with DN REST and analyzed the expression of 44 SACO-identified target genes (Fig. 5) . In addition to DN REST, shRNAs targeting REST were also used to analyze the contribution of REST to gene expression of select genes, and the results were similar to those presented here (data not shown). From the DN REST analysis, three classes of genes emerged. In one class, represented by 19 genes, expression of DN REST resulted in increased transcript levels ranging from 1.5-to nearly 50-fold over levels in control infected cells (Fig. 5A, left) .
Transcript levels of CoREST, a gene whose transcription is not regulated by REST, were unchanged in these cells. To confirm that the derepression required the RE1 site, we constructed luciferase reporter genes containing the RE1 site and flanking sequences of the Glra1 and Syt7 genes upstream of the minimal TK promoter and introduced them into the TCMK1 kidney cells (Fig. 5A, middle) . TCMK1 cells were used for these studies because of their high transfection efficiency compared with MEFs. The RE1 site for the Gad1 gene, a gene previously shown to be repressed by REST (Lunyak et al., 2002) , served as a control. As expected, recombinant luciferase activity was lower for all three reporter constructs containing an RE1 site, consistent with REST repressor function. This repression was mediated by REST, because cotransfection of each reporter construct together with the DN REST vector resulted in a threefold or greater increase in luciferase activity over control transfected cells (Fig. 5A, right) .
In contrast with the above class, we identified 20 genes whose endogenous expression levels were not changed after expression of DN REST (Fig. 5B, left) . We analyzed the RE1 sites in four of these genes (Cacna1 h, Nfasc, Reln, and Crh) by luciferase reporter analysis as above. All of the reporter genes were repressed by the presence in cis of the RE1 sequence (Fig. 5B, middle) , and simultaneous expression of DN REST resulted in derepression (Fig. 5B, right) .
Five genes (Ihh, Mdk, Cutl2, Epha8, and Syt2) , representing the third class of REST targets, showed a significant decrease, rather than increase, in their transcriptional activity after expression of DN REST (Fig. 5C, left) . This suggests that REST could also act as an activator for these genes. We directly investigated this idea by constructing a luciferase reporter vector containing the RE1 site for the Syt2 gene. Surprisingly, as in the other two gene classes, luciferase activity was lower with this RE1 sequence in cis (Fig. 5C, middle) , and the reporter's expression increased after coexpression with DN REST (Fig. 5C, right) . These results indicated that REST still functioned as a repressor at this promoter and suggested that some of the activator functions ascribed previously to REST are indirect.
A recent report suggests that repressors other than REST are responsible for preventing the expression of certain neuronal genes (Kim et al., 2006) . Therefore, we examined, for six genes, whether additional repressor mechanisms might explain the inability of these genes to be derepressed by DN REST. MEFs were treated with the more global inhibitor of histone deacetylase (HDAC) activity, TSA, and expression of the six test genes was reexamined by RT-PCR (Fig. 5D ). Three genes, Prg4, Nfasc, and Reln, were derepressed in the presence of TSA alone or with TSA and DN REST, but not by DN REST alone, consistent with the presence of an additional repressor or more generalized repression mediated by chromatin inaccessibility. In contrast, the remaining three genes, Crh, Cacna1 h, and Drd3, were not affected by treatment with TSA, suggesting that an HDAC-independent mechanism, or lack of an activator, prevented expression.
Discovery of novel REST-binding motifs
Not all of the REST-SACO GSTs localized with readily identifiable RE1 sites, suggesting that REST may bind to a different DNA element either alone or in conjunction with another DNA binding protein. To attempt to address this question, we asked whether any specific DNA elements were highly represented within 2 kb loci containing one or more GST but no canonical RE1 site within 3 kb. Every combination of an 8 nt sequence (65,536 in total) was used to search for enrichment. The two 8-mer sequences corresponding to the 5Ј or 3Ј end of the canonical RE1 site were identified. Surprisingly, the 5Ј and 3Ј sites were found to colocalize and define a novel expanded RE1 site containing insertions of 3-9 nt between the 11th and 12th nucleotide of the previously defined canonical consensus site (Fig. 6 A) . New PWMs were derived from the dataset of 21-mer RE1s by allowing for an insertion of 3-9 nt. Using these parameters, we were able to identify another 4631 novel RE1 sites in the genome, 394 of which were within 3 kb of a SACO GST (information on all sites is available at http://genome.bnl.gov/REST/). ChIP analysis confirmed that in vivo REST occupied several of these expanded RE1 motifs in TCMK1 kidney cells (Fig. 6B ) (supplemental Table 3 , available at www.jneurosci.org as supplemental material). Interestingly, in vivo REST binding to the RE1 motif containing a 4 nt insertion was weaker than to the others we tested, perhaps reflecting the possibility that this is not a preferred motif (data not shown).
In addition to the expanded RE1 site, a compressed form of the RE1 site was also discovered (Fig. 7A, left) . Because the nucleotides located at positions 10 and 11 of the canonical site are the least conserved within and among RE1s in mammalian species, we asked whether removing these two nucleotides and replacing them with either 0 or 1 random nucleotide would yield functional REST-binding sites. Indeed, those sites with 1 nt inserted between the ninth and 12th position of the canonical site were found to bind REST by ChIP analysis in TCMK1 kidney cells (Fig. 7A, right) (supplemental Table 4 , available at www.jneurosci. org as supplemental material). We identified 186 of these sites, 27 of which were selected for by SACO. Furthermore, gel shift assays performed on NIH3T3 nuclear extracts using radiolabeled oligonucleotide probes encompassing either the expanded or compressed RE1 for the Scg3 and Slc26a4 genes, respectively, showed binding activity that was specific for REST (Fig. 7B) . Table of genes involved in the immune/ inflammatory response. C, Right, Quantitative RT-PCR analysis of six T-cell-expressed genes in mature cortical neurons (black bars) and thymus (gray bars). The average Ct for each gene (n ϭ 3) is on the y-axis, and the dotted line demarcates the boundary between genes with moderate-to-high expression levels (Ct Ͻ 30) and those that are expressed at low levels (Ct Ͼ 30). For comparison, the relative expression of Gapdh, a ubiquitously expressed gene, and Gad1, a neuronal gene, are also shown.
Even with the novel sites, there were still GSTs that did not associate with any recognizable REST-binding site. To test whether REST occupied these "orphan" loci, we performed ChIP analysis on twenty 2 kb loci that contained at least two distinct GSTs but no obvious REST-binding site within 3 kb. REST occupied 10 of these sites in TCMK1 kidney cells (Fig. 7C) . These results strongly suggest that in these instances, REST interaction is complex and may involve association with another DNA binding factor or binding through a DNA element unrelated to the known RE1.
Functional analysis of the expanded RE1 motif
To examine the function of REST at the expanded (3-9 nt insertion) RE1 sites, we performed luciferase reporter analyses (Fig.  8 A) . For the expanded RE1 sites containing 3, 5, 6, 7, and 9 nt, relative luciferase activities were lower in reporter genes with these sites, consistent with REST-mediated repression. With one exception, cotransfection of cells with DN REST and these reporter constructs caused a threefold or greater increase in luciferase activity. The construct containing an expanded RE1 site with an 8 nt insertion was not derepressed by DN REST, suggesting that an additional repressor element resides in its flanking sequence.
To determine whether the sequence of the inserted nucleotides was important for repressor function, we performed an additional luciferase reporter analysis. The 6 nt that separated the 5Ј and 3Ј ends of the REST-binding site were mutated to six adenines or an irrelevant 6-mer (GAGCTG). Mutating the sequences had no effect on repressor activity (Fig. 8 B, left) or the response of the luciferase reporters to DN REST (Fig. 8 B, right) , suggesting that specific insert sequences are not required for REST binding.
Annotation of genes associated with the expanded RE1 motif showed that they represented functional classes similar to those associated with the canonical RE1 site (Fig. 4 A) (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). As before, REST regulation of these genes fell into three different functional categories as determined by our DN REST analysis. Of the 20 genes examined, six (Scg3, Cnga3, Slitrk1, Rtn2, Tph2, and Pvrl1) were derepressed from 1.5-to nearly 30-fold relative to controls, two (Lep and Nckipsd) were repressed, and the remaining 12 genes were unchanged (Fig.  8C) . Thus, REST regulation of genes containing the expanded RE1 motif, like the traditional motif, is complex and likely to involve additional factors.
Discussion
REST target genes were identified originally by the presence of a similar putative repressor-binding motif in genes encoding two neuronal-specific proteins, the voltage-dependent sodium channel and the synaptic protein, SCG10. Promoter fragments of these genes bound the REST repressor in vitro, and reporter genes containing the promoter were derepressed after loss of REST function in transient transfection analyses of non-neuronal cells (Chong et al., 1995; Schoenherr and Anderson, 1995; Schoenherr et al., 1996) . These first studies suggested that REST-repressed genes were required for synaptic function, but whether other aspects of the neuronal phenotype were under REST control was not explored. Since that time, it has been suggested, primarily based on bioinformatics approaches, that many other synaptic proteins, as well as proteins involved in neurosecretion, are under REST control (Lunyak et (TK-⌬RE1) . B, Right, Derepression of luciferase reporter genes was seen only in TCMK1 cells cotransfected with DN REST and constructs bearing the RE1 site. C, Left, Real-time RT-PCR analysis of REST target genes that were repressed in the presence of DN REST. C, Middle, Relative luciferase activity was lower in TCMK1 cells for constructs bearing RE1 sites from the repressed class of genes (TK-RE1) than for constructs with the RE1 sites deleted (TK-⌬RE1). C, Right, Derepression of luciferase reporter genes was seen only in TCMK1 cells cotransfected with DN REST and constructs bearing the RE1 site. D, Real-time RT-PCR analysis of REST target genes in MEFs virally transduced with either dominant-negative REST (Ad-dnREST) or GFP (Ad-GFP). Changes in mRNA levels were measured 48 h after transduction of either untreated MEFs or MEFs that were treated for 16 h with the HDAC inhibitor TSA (300 nM). All fold changes are shown relative to MEFs transduced with Ad-GFP, and the expression of each gene was normalized to endogenous GAPDH levels. Error bars represent the SD from three independent experiments. *p Յ 0.05; **p Յ 0.005; Student's t test.
binding sites, however, has been validated by ChIP, leaving open the question of the functional relevance of these sites. Because of its potentially unique function in regulating protein networks specifying the neuronal phenotype, we sought to identify REST-occupied genes on a more global scale and to determine the contribution of REST to their regulation.
We chose SACO methodology, as opposed to Chip-on-chip, because it avoids certain biases in the experimental design. First, because SACO is a sequence-based approach, it does not require hybridization analysis to identify the occupied loci, so each functional binding site in the genome is interrogated without bias. Second, because SACO does not depend on promoter arrays, REST-binding sites located at large distances from promoters can still be identified. Third, unlike the case of tiled arrays that contain gaps caused by repetitive sequences, all RESTbinding sites should be available to the SACO analysis. In addition to CREB, sequence-based approaches similar to SACO have been used to identify the genetic networks regulated by other transcriptional activators, including E2F4, p53, Oct4, Nanog, and c-myc, as well as networks associated with histones modified by acetylation (Chen and Sadowski, 2005; Kim et al., 2005; Loh et al., 2006; Wei et al., 2006; Zeller et al., 2006) . With respect to REST, whereas previous in silico and sequence-based approaches have identified genes associated with a consensus 21 bp REST-binding site, using SACO, we first found, unexpectedly, that the REST-binding site was both compressed and expanded compared with this original motif. Interestingly, close inspection of the original 21 bp RE1 motif indicated that nucleotides 10 and 11 were two of the leasthighly conserved nucleotides across mammalian species. This is precisely where the additional nucleotides were either inserted (for the expanded sites) or removed (for the compressed sites). Thus, we propose that the consensus RE1 motif used to generate our original matrix, and the previous matrices of others, is only a subclass of the authentic REST-binding site.
The new expanded and compressed RE1 motifs increased the number of potential REST-binding sites in the mouse genome from 4991, based on our original RE1 motif, to 9808. This number is greater than the number of all SACO-identified RESTbinding sites (1314), likely because we were unable to sequence the SACO library to saturation because of contamination of the initial TCMK1 cell line with human cells. Nonetheless, ChIP analysis of a large set of genes, identified through bioinformatics as containing REST-binding sites, indicated that the majority of sites were occupied in these cells. This finding deviates from the results of another study in U373 glioma cells showing that neuronal genes containing REST-binding sites were occupied, whereas others were not (Bruce et al., 2004) . It is possible that the level of REST expression in the kidney cell line was higher than in the U373 cells, thereby permitting detection of REST binding to lower-affinity sites. Consistent with this idea, ectopic expression of REST resulted in occupancy of the previously unoccupied sites.
Of the 1314 SACO-identified RE1 sites, 27 represented the compressed class, 893 were the 21 bp consensus RE1s, and 394 contained inserts of 3-9 nt. It is possible that the overrepresentation of the consensus RE1 motif represents evolution to a higheraffinity binding site, but this has not been tested experimentally. Ontological analysis of genes associated with the new RE1 motifs revealed genes that had not been identified previously, including some encoding proteins involved in lipid metabolism and cell cycle control. Of particular interest, however, was the finding that REST potentially linked, at the transcriptional level, gene products dedicated to a critical neuronal function, specifically, neurotransmission. This process lies at the very heart of nervous system function and requires coordination of protein functions in both the presynaptic and postsynaptic membranes. Our SACO analysis suggests that REST regulates gene products critical to synaptic transmission on both sides of the process. For example, genes encoding synaptotagmins and RIMs, which mediate vesicle release in the presynaptic cell, contain RE1 motifs occupied by REST. Similarly, genes required for the postsynaptic response, encoding neurotransmitter receptors and voltage-dependent potassium and calcium channels, contain functional REST-binding motifs. If RE1-containing genes that were not identified by SACO are also considered, the list of gene products dedicated to neurotransmission is even larger, encompassing synaptophysin, neurexins, complexin on the presynaptic side, and many more neurotransmitter receptors on the postsynaptic side. Thus, the primary protein complexes that distinguish neurons from all other cell types, and that are critical for mediating neuronal plasticity, are linked at the transcriptional level by REST.
Our studies suggest that this REST gene network may ultimately provide a molecular signature of cancers that acquire a neuroendocrine phenotype. A subset of the events underlying neurotransmission is dedicated to neurosecretion, and many of the genes involved in the latter contain REST-binding sites, as indicated by our results and those of Sun et al. (2005) . Because cells in certain prostate cancers begin to express a neuroendocrine phenotype, we asked whether this phenotype might be associated with dysregulation of genes under REST control. Indeed, in a mouse model of metastatic neuroendocrine cancer in prostate tissue (Hu et al., 2002) , in which 32 mRNAs, representing nine different aspects of the neuroendocrine phenotype, were upregulated, 26 of 32 contained a REST-binding site motif. Four of the six genes that did not contain an RE1 motif, however, have family members with the motif, so erroneous assignment of the highly homologous genes cannot be formally excluded. . In a mouse model of colorectal cancer, in which mutated REST was identified as an underlying cause of loss of adhesiveness, no neuronal target genes encoding adhesion molecules were identified (Westbrook et al., 2005) . Interestingly, SACO analysis identified a large family of adhesion proteins, protocadherins, which have been associated with human prostate and colon cancers (Okazaki et al., 2002; Yang et al., 2005; Terry et al., 2006) . It will be interesting to determine whether they are also dysregulated in the colorectal mouse models.
An unexpected finding from our SACO analysis was that individual members of large multigene families were associated with RE1 motifs. For example, there were 10 individual RE1 motifs associated with 23 olfactory receptor genes just on mouse chromosome 2 alone. The finding of individual RE1 motifs on related, presumably duplicated genes extends to many other gene families as well, including those encoding calcium and potassium voltage-dependent ion channels, transient receptor potential channels, solute ion exchangers, and complement proteins. What these families may have in common, in addition to the individual RE1 motifs, is the selective expression of a family member in a particular cell type. For the olfactory receptors, for example, an individual vertebrate sensory neuron expresses only one or two members of the gene family because of an enhancer that selects them, specifically, from the entire genetic repertoire (Lomvardas et al., 2006) . Activating specific genes that are otherwise repressed by REST is an economical mechanism that might be evolutionarily favored. In contrast to this situation, other genes share repression mediated from a single RE1 site (Lunyak et al., 2002) . This spreading mechanism may have evolved to repress a large set of disparate genes in situ, for example in nonneuronal cells, which either never had RE1 sites or lost their own RE1 sites during evolution. In this scenario, the RE1 motif may be providing a boundary for the silenced chromatin.
Our functional studies indicate that the contribution of REST repression to basal expression levels is context dependent. Several studies have suggested a role for REST in regulating genes important for function of non-neuronal cells including smooth muscle (Cheong et al., 2005) and heart (Schoenherr et al., 1996; Kuwahara et al., 2001 Kuwahara et al., , 2003 Ogawa et al., 2002) . Additionally, one in silico study reported no significant enrichment (11%) of RE1 sites in neuronal-specific genes (Mortazavi et al., 2006) . In agreement with this, in our analysis of the RE1-associated genes with identifiers in the gene ontology database (Amigo), only ϳ18% were classified as being neuronal. Based on our RT-PCR analysis of immune genes containing RE1 sites, however, which indicated that they were expressed in neurons and T-cells, it appears that REST regulates genes encoding proteins involved in both neuronal and non-neuronal functions. If REST sites are always occu- Immunoprecipitations were performed with antibodies directed against either REST-N or REST-C or with a rabbit IgG antibody. Sonicated genomic DNA served as a positive control for each RE1 site (Input). B, Electromobility shift assays showing that NIH3T3 nuclear extracts contain binding activities for the expanded and compressed RE1 motifs. Left, Radiolabeled probes containing the expanded RE1 motif from the Scg3 gene (lanes 1-3) and the compressed RE1 motif from the Slc26a4 gene (lanes 4 -6) were shifted (arrow) in the presence of nuclear extract (lanes 2, 5), whereas no shift was seen in the absence of extract (lanes 1, 4) . The addition of REST-N antibody resulted in a supershift of the protein/DNA-bound complexes (lanes 3, 6). Right, Nonlabeled competitor probes (10 nM, 100 nM, and 1 M) effectively competed for binding to NIH3T3 extract in the presence of radiolabeled oligonucleotide probes for both the expanded RE1 (lanes 1-5) and compressed RE1 (lanes 6 -10). C, ChIP analyses showing REST binding to SACO-identified genomic locations not associated with RE1 sites. The chromosome number and primer locations used to amplify each SACO locus are indicated on the left (University of California, Santa Cruz, Mm5 build).
pied, as our data suggests, it will be important to determine how REST repression in non-neuronal cells is prevented to allow expression of these genes. Figure 8 . REST regulates genes with the expanded motif. A, REST is a repressor at the expanded RE1 sites. Left, Relative luciferase activity is lower in TCMK1 kidney cells 48 h after transfection with constructs bearing expanded RE1 sites (TK-RE1-splitN) compared with constructs lacking them (TK-⌬RE1-splitN). Right, Coexpression of reporter constructs with DN REST resulted in derepression of expanded RE1-containing constructs (TK-RE1-splitN). Fold changes are relative to cells expressing a control construct (pcDNA). B, The inserted nucleotides of the expanded RE1 site do not contribute to REST function. Left, Relative luciferase activity is lower in TCMK1 kidney cells 48 h after transfection with constructs bearing the Gad1-RE1 (positive control), RE1-split6 site, and RE1-split6 sites whose insertions were swapped with 6 A nucleotides or a random sequence (GAGCTG) compared with constructs lacking the sites (TK-Gad1-⌬RE1 and TK-⌬RE1-split6). Right, Coexpression of reporter constructs with DN REST resulted in derepression for constructs containing the GAD1 RE1 and the intact and mutated RE1-split6 sites. Fold changes in luciferase activity in cells expressing DN REST are shown relative to cells expressing a control construct (pcDNA). C, Real-time RT-PCR analysis of MEFs virally transduced with DN REST (Ad-dnREST) resulted in derepression, repression, or no change in cDNA levels of REST target genes. Levels of each cDNA are shown relative to MEFs transduced with a control virus (Ad-GFP) and were normalized to endogenous GAPDH. Error bars represent the SD from three independent experiments. *p Յ 0.05; **p Յ 0.005; Student's t test.
